Cytotoxic bibenzyls, and germacrane-and pinguisane-type sesquiterpenoids have been isolated from unidentified Indonesian and Tahitian Frullania sp. and Japanese Porella perrottetiana by using a combination of chromatographic methods. The structure activity relationship (SAR) study showed that the presence of a phthalide group in bibenzyls, an α-methylene-γ-lactone in germacrane-type sesquiterpenoids, and β-hydroxycarbonyl in pinguisane-type sesquiterpenoids play an important role in providing cytotoxic activity against both human promyelocytic leukemia (HL-60) and human pharyngeal squamous carcinoma (KB) cell lines. The structure of each isolated compound was elucidated by using spectroscopic methods and the cytotoxicity was determined by using the WST-8 colorimetric assay.
The genus Frullania (family Frullaniaceae), epiphytic stem-leafy liverworts, have been reported to cause intense allergenic contact dermatitis due to the presence of sesquiterpenoids with an α-methylene-γ-butyrolactone [1] . Phytochemically, Frullania species have been divided into six chemotypes: type I: sesquiterpene lactone-bibenzyl, type II: sesquiterpene lactone, type III: bibenzyl, type IV: monoterpene-type, type V: cyclocolorenone (ent-aromadendrane), and type VI: labdane diterpenoid-type [2a-2c] .
Porellaceae species, belonging to the Marchantiophyta, are morphologically close to the Frullaniaceae. However, the chemical characters of both families are completely different [2a-2c] . The Porella genus is divided into two groups: pungent and non-pungent species. The former belongs to the P. vernicosa complex (P. arboresvitae, P. fauriei, P. gracillima, P. obstusata subsp. macroloba, P. roellii and P. vernicosa) [2a-2e] . Porella species contain drimane-, aromadendrane-, pinguisane-, africane-, cyclofarnesane-, guaiane-, and germacrane-type sesquiterpenoids, and sacculatane-, santalane-, and labdane-type diterpenoids, several of which have interesting biological properties, such as cytotoxic, piscicidal, antitumor, antimicrobial and antifungal activities [2a-2e] . P. perrottetiana is a large stem-leafy liverwort, which contains a large amount of perrottetianal (10) , labdanes and an eudesmane type sesquiterpene In the course of our search for biologically active metabolites from liverworts, we found that crude extracts of unidentified Indonesian and Tahitian Frullania sp. and the Japanese P. perrottetiana exhibited cytotoxic activity against both HL-60 and KB cell lines [3] . Recently, we reported the volatile components of the unidentified Indonesian Frullania sp., in which bibenzyl derivatives were identified as major components, whereas sesquiterpene lactones were major components found in the unidentified Tahitian Frullania sp. [3] . On the other hand, pinguisane-type sesquiterpenoids and a sacculatanetype diterpenoid were found as major volatile components in the Japanese P. perrottetiana [3] .
In order to investigate the chemical constituents that are responsible for the cytotoxic activity of these liverworts, purification of crude extracts was carried out by using a combination of chromatographic methods. The structural elucidation of each isolated compound was achieved by using extensive spectroscopic (2D NMR and IR) and mass spectrometric methods. The isolated compounds were then evaluated for their cytotoxic activity against both HL-60 and KB cell lines. Purification of the Et 2 O crude extract of the Indonesian Frullania sp. resulted in the isolation of (
, 2,3,5-trimethoxy-9,10dihydrophenanthrene (4) [6] , lichexanthone (5) [7a] and atranorin (6) [7b]. On the other hand, purification of the Et 2 O crude extract of the Tahitian Frullania sp. resulted in the isolation of tulipinolide (7) and costunolide (8) [8] ( Figure 1 ).
Monitoring of both Et 2 O and
MeOH crude extracts of P. perrottetiana by TLC indicated that the chemical constituents in both extracts were similar, hence the MeOH crude extract was then extracted with Et 2 O and this was combined with the Et 2 O crude extract, from which 7-oxopinguisenol-12-methyl ester (9) [9a] , perrottetianal A (10) [10] and 4α-5β-epoxy-8-epi-inunolide (11) [9b] were obtained ( Figure 1 ). Compound 1 has similar spectroscopic data to those of 3-[4'-methoxybenzyl]-5,6-dimethoxyphthalide, which was previously isolated from the Australian liverwort Frullania falciloba [4a] . In 2001, Mali et al. synthesized this compound and then revised the name to 3-[4-methoxybenzyl]-5,7-dimethoxyphthalide due to the aromatic protons of this compound appearing as a doublet at δ H 6.17 and 6.39 [4b]. In our data, these protons were found as a doublet of doublet at δ H 6.17 and a doublet at δ H 6.38, hence it could be concluded that compound 1 was 3-[4'-dimethoxybenzyl]-5,7-dimethoxyphthalide.
However, the stereochemistry of 1 has not yet been reported. Here, we report the stereochemistry of 1, based on analysis of the NOESY spectrum. The NOESY spectrum of 1 clearly showed correlations of H-3 to H-4 and H-10. The signal at δ H 7.14, which was assigned as H-2'/6', showed correlation to both H-3 and H-4. This suggested that only H-2' was correlated to H-3 and H-4, as shown in Figure 2 . It can, therefore, be concluded that H-3 possesses a β-configuration, the same as H-3 of compound 2. As H-3 has the β-configuration, compound 1 was assigned as 3α-[4'-methoxybenzyl]-5,7dimethoxyphthalide.
Compound 2 was previously isolated from Trocholejeunea sandvicencis [2b,5a,5b]. However, no spectroscopic data were provided. Hence, we are reporting the NMR, IR, EIMS and optical rotation of this compound.
Compounds 1 and 2 are bibenzyls that possess a part of 3-benzylphthalide. This type of benzylphthalides was found in the liverworts Frullania, Trocholejeunea, Plagiochila and Balantiopsis [2b,4a,5a,5b,11a-11c], and higher plants [12a-12c] . Interestingly, benzylphthalides 1 and 2 have a similar skeleton and only differ in the substituents at C-3', C-4' and C-5'. However, they have different signs of optical rotation. Compound 1 showed a (+) sign, whereas compound 2 has the opposite sign.
Previously, Frullania muscicola was reported to contain (−)-benzylphthalides that have a chiral center only at C-3 [11a] . In the liverworts, it is the first report of a benzylphthalide that has a chiral center only at C-3 and possesses a (+) sign of optical rotation. However, previously, Mali et al. synthesized the racemic mixture of compound 1 from 7-methoxyphthalide [4b].
Lichexanthone (5) and atranorin (6) are frequently found in lichens [7a,7b] . The presence of these compounds in the Indonesian Frullania sp. suggests that, although very carefully cleaned, it still contained a very small amount of lichens.
7-Oxopinguisenol-12-methyl ester (9) is a pinguisane-type sesquiterpenoid, which was previously isolated from P. acutifolia subp. tosana [9a] . Pinguisane-type sesquiterpenoids whose carbon skeleton does not fit the biogenetic isoprene rule have not been found so far in higher plants, and are limited to liverworts [2b]. This type of sesquiterpenoid is mainly found in Lejeuneaceae, Porellaceae, Trichocoleaceae and Ptilidiaceae [2b]. Perrottetianal A (10), a sacculatane-type diterpenoid, is known only in the liverwort families Fossombroniaceae, Plagiochilaceae, Porellaceae and Hymenophytaceae [2b]. 4α-5β-Epoxy-8-epi-inunolide (11) is an epoxy germacranolide that was previously isolated from P. acutifolia subp. tosana [9a] and a higher plant in the family Compositae [9b].
In order to study SAR, compound 3 was treated with Cu(NO 3 ) 2 in acetic anhydride to give 3-methoxy-3',4'methylenedioxy-6'-nitrobibenzyl (12). The position of NO 2 at C-6' in compound 12 was confirmed by the 1 H NMR spectrum, which exhibited two singlet signals for H-2' and H-5' at δ H 6.66 and 7.52, respectively. The HMBC spectrum showed correlations of H-2' to H-6' and H-8, whereas H-5' showed correlations to H-1', H-3', H-4' and H-6'. H-2 and H-6 showed correlation to H-7, as shown in Figure 3 . 
Cytotoxic activity
Crude extracts of the Indonesian and Tahitian Frullania sp. and Japanese P. perrottetiana exhibited cytotoxic activity against both HL-60 and KB cell lines, as shown in Table 1 . Furthermore, the isolated compounds (1-4, 7, 9, 11) from both Frullania sp. and Japanese P. perrtottetiana were evaluated for their cytotoxic activity against both cell lines. In order to study SAR, the cytotoxicity of the derivative compounds (12-14) was also evaluated.
Previously, the isolated bibenzyls from F. inouei were reported to possess cytotoxic activity against KB and K562 cell lines [13] . In the present investigation, the bibenzyls (1-4) from the Indonesian Frullania sp. were active against (Table 1 ). SAR study on these bibenzyls (1-4) suggested that the presence of a phthalide group in the benzene ring plays an important role in providing cytotoxic activity, since compounds 1 and 2 were more toxic than compounds 3 and 4 ( Table 1 ). The other SAR study was on the effect of substituents in the aromatic ring. The IC 50 values of 1 and 2 indicated that (+)-3α-[4'-methoxybenzyl]-5,6-dimethoxyphthalide (1) is more toxic than (−)-3α-[3'-methoxy-4',5'methylenedioxybenzyl]-5,7-dimethoxyphthalide (2). Since compound 2 has a methylenedioxy group attached at C-4' and C-5', it can be suggested, therefore, that the presence of this group in the aromatic ring decreases the cytotoxic activity against HL-60 and KB cell lines.
An electron-withdrawing substituent, such as nitrobenzyl, as shown in 12, was predicted to possess biological activity because it will easily interact with biological molecules [14] . However, in our investigation, the presence of NO 2 at C-6' did not give any significant inhibitory activity against HL-60 and KB cell lines, as shown in Table 1 .
Cytotoxic assay of the Et 2 O crude extract of the Indonesian Frullania sp. showed that it was slightly more toxic against KB cells than HL-60 cells. In the present investigation, the isolated compounds 1 and 2 showed similar activity against both HL-60 and KB cell lines. On the other hand, compounds 3, 4 and 12 were slightly more active against the HL-60 than KB cell line. The higher activity of the Et 2 O crude extract against the KB than HL-60 cell line leads to the prediction that other more cytotoxic components might exist in this crude extract.
In accordance with our prediction in previous reports [3] , the germacranolide sesquiterpenes tulipinolide (7) and costunolide (8) in the Tahitian Frullania sp. were responsible for the cytotoxic activity of its crude extract. Previously, costunolide (8) was reported to be toxic against HL-60 cell lines [15] . Tulipinolide (7) exhibited cytotoxic activity against the HL-60 cell lines with an IC 50 of 4.59 μM. Tulipinolide (7) and costunolide (8) possess an α-methylene-γ-lactone, which is predicted as the structure responsible for the activity.
Previously, it was reported that the pinguisane-type sesquiterpenoid, dehydropinguisenol (15) exhibited cytotoxic activity against the KB cell line [16] . We recently analyzed the Et 2 O crude extract of the Japanese P. perrottetiana by GC-MS, and the presence of 7-oxopinguisenol-12-methyl ester (9) was confirmed as the major volatile component. It was also predicted that compound 9 played an important role in providing the cytotoxic activity of its crude extract [3] . This present investigation proved that compound 9 possesses a significant cytotoxic activity against HL-60 (IC 50 8.53 μΜ) and KB cells (IC 50 52.64 μΜ). In order to study the SAR of cytotoxicity of pinguisanes, reduction and dehydration of compound 9 were carried out by using NaBH 4 and POCl 3 to give 7α-hydroxypinguisenol-12-methyl ester (13) and acutifolone A (14) , respectively, whose physical and spectroscopic data were identical to those of authentic samples [17] .
Compound 13 had dramatically decreased inhibitory activity against HL-60 cells (IC 50 83.10 μM) and lost activity against KB cells (IC 50 > 177 μM). However, compound 14 had increased cytotoxic activity against HL-60 (IC 50 2.65 μM) and KB cells (IC 50 46.58 μM). Therefore, it is suggested that the β-hydroxycarbonyl group in compound 9 is an important functional group to provide cytotoxic activity because of the potent reactivity of its α, β-unsaturated ketone (13) and diene ketone (14) derivatives.
Perrottetianal A (10) was obtained from the cytotoxic fraction as a major component. It was easily decomposed, so that we could not evaluate its cytotoxicity. Previously, a sacculatane-type diterpenoid, sacculatal (16) , was reported to possess cytotoxic activity against KB, Lu1, LN Cap and ZR-75-1 cells [18] . Since compound 10 has a similar skeleton to that of sacculatal, differing only in the position of the aldehyde group, we predicted that compound 10 would also have cytotoxic activity. 4α-5β-Epoxy-8-epiinunolide (11) was active against both HL-60 (IC 50 2.68 μM) and KB cell lines (IC 50 46.27 μM). The presence of an α-methylene-γ-lactone was suggested as the chemical structure that is responsible for the cytotoxic activity, as seen in compound 7. Previously, we also reported that the presence of the α-methylene-γ-lactone of eusdemanolide, diplophyllolide A, played an important role in the cytotoxic activity against both HL-60 and KB cell lines [19] .
Proposed biosynthetic pathway to bibenzyl derivatives 1-4
Generally, natural stilbenes and bibenzyl compounds have been reported to be synthesized through phenylpropane/polymalonate pathways [20] . Bibenzyl derivates 1-4 were also thought to be synthesized through this pathway. In the biosynthesis of compounds 1-4, we proposed that a 4-coumaroyl-CoA (17) 
Conclusions:
A SAR study on the bibenzyl compounds 1-4 suggested that the presence of a phthalide functional group plays an important role in providing cytotoxic activity against both HL-60 and KB cell lines, since compounds 1 and 2 are more active than compounds 3 and 4. As compound 1 is more toxic than compound 2, it is suggested that the methylenedioxy group at C-4' and C-5' causes a decrease in cytotoxic activity. However, the presence of NO 2 at C-6' did not produce any significant effect. SAR study on the germacranolides 7 and 11 suggested that an α-methylene-γ-lactone is an important functional group for the cytotoxic activity against both HL-60 and KB cell lines. On the other hand, SAR study on the pinguisane-type sesquiterpenoids concluded that β-hydroxycarbonyl was a major functional group that plays an important role in providing cytotoxic activity.
Experimental
General experimental procedures: Optical rotations were measured on a JASCO P 1030 polarimeter. IR spectra were recorded on a Shimadzu FTIR-8400S infra red spectrometer. The 1 H and 13 
Extraction and isolation of Frullania sp.:
The air-dried and ground material of the Indonesian Frullania sp. (9.3 g) was extracted with Et 2 O. Filtration and removal of solvent in vacuo gave 580 mg of Et 2 O crude extract, which was further fractionated upon silica gel (n-hexane-EtOAc gradient) to give 15 fractions. Fractions 7 -15 (50 μg /mL) were active against KB cell lines. Further purification on fraction 7 (68 mg) by using preparative HPLC (n-hexane-EtOAc 9:1), gave 3-methoxy-3',4'methylenedioxybibenzyl (3, 29 .4 mg) [4a] as the major compound. Purification of fraction 8 (21.4 mg) and fraction 9 (18 mg) by using preparative HPLC (n-hexane-EtOAc 4:1) gave lichexanthone (5, 1.73 mg) [7a] and 2,3,5-trimethoxy-9,10-dihydrophenanthrene (4, 4.3 mg) [6] , respectively. Purification of fraction 10 (12.8 mg) and 13 (42 mg) by using a combination of column chromatography on Sephadex LH-20 and preparative HPLC (n-hexane-EtOAc 3:2) resulted in the isolation of atranorin (6, 4.0 mg) [7b] from fraction 8, and (+)-3α-[4'methoxybenzyl]-5,7-dimethoxyphthalide (1, 8 mg) [4a,4b] and (−)-3α-[3'-methoxy-4',5'-methylenedioxybenzyl]-5,7dimethoxyphthalide (2, 5.5 mg) from fraction 13. The airdried and ground material of the Tahitian Frullania sp. (19.8 g) was extracted with Et 2 O. Filtration and removal of solvent in vacuo gave 400 mg of Et 2 O crude extract, which was further fractionated upon silica gel (n-hexane-EtOAc gradient) to give 3 fractions. Fraction 3 (290 mg) was further purified by using a combination of column chromatography on Sephadex LH-20, silica gel (n-hexane-EtOAc) and preparative HPLC (n-hexane-EtOAc 9:1) to give tulipinolide (7, 20.4 mg) [8] and costunolide (8, 32 mg) [8] . The 1 H NMR and 13 C NMR spectra data of 1, 3-8 were identical to those of authentic samples. 
Nitration of 3-methoxy-3',4'-methylenedioxybibenzyl (3):
To a solution of 3 (4.27 mg, 0.017 mmol) in acetic anhydride (2 mL) was added Cu(NO 3 ) 2 (7.53 mg, 0.031 mmol) at 0 o C and stirred for 3 h. The solution was stirred continuously at room temperature for 2 days. The reaction mixture was evaporated by using a freeze dryer and then extracted with diethyl ether. Purification using preparative HPLC (n-hexane-EtOAc, 4:1) gave 3-methoxy-3',4'-methylenedioxy-6'-nitrobibenzyl (12, 1.66 mg). C 16 2H, m, H-7) . 13 
Extraction and isolation of P. perrottetiana:
The air-dried and ground material of P. perrottetiana (48.3 g) was extracted with Et 2 O and then with MeOH. Filtration and removal of solvent in vacuo gave the Et 2 O (1.5 g) and MeOH (2.0 g) crude extracts. The MeOH extract was further re-extracted with Et 2 O and this was combined with the Et 2 O crude extract to give 3.01 g of total crude extract, which was fractionated by using a combination of column chromatography on silica gel and Sephadex LH-20 and preparative HPLC to give 18 fractions. Screening of the cytotoxic activity at 50 µg/mL showed that fractions 8-15 and 17 were active against the HL-60 cell line. Fraction 8 (265 mg) was purified by using a combination of column chromatography (n-hexane-EtOAc gradient) and preparative HPLC (n-hexane-EtOAc, 3:2 and n-hexane-EtOAc, 4:1) to give perrottetianal A (10, 21.4 mg) [10] . Purification of fraction 9 (173.8 mg) and 10 (300.7 mg) in the same manner as that described above resulted in the isolation of 7-oxopinguisenol-12-methyl ester (9, 48 mg) [9a] . Fraction 13 (388.2 mg), treated in the same manner, afforded 4α-5β-epoxy-8-epi-inunolide (11, 31 mg) [9b].
Conversion of 7-oxopinguisenol-12-methyl ester (9) to
7α α α α-hydroxypinguisenol-12-methyl ester (13): Compound 9 (22 mg, 0.078 mmol) and NaBH 4 (2 mg, 0.053 mmol) were diluted in 5 mL EtOH. The solution was stirred at 0 o C for 15 mins and continued at room temperature for a further 15 mins. Every 15 mins the solution was monitoring by TLC. The reaction mixture was then concentrated in vacuo and to the residue was added 8 mL CH 2 Cl 2 and 15 mL 1N HCl. The mixture was extracted 3 times (each 12 mL) with CH 2 Cl 2 . The CH 2 Cl 2 layer was evaporated in vacuo and filtered through Na 2 SO 4 to give 22.75 mg residue, which was further purified by preparative HPLC (n-hexane-EtOAc 3:2) to give 7α-hydroxypinguisenol-12-methyl ester (13, 2 mg) [17] .
Conversion of 7-oxopinguisenol-12-methyl ester (9) to acutifolone A (14):
To compound 9 (21.6 mg, 0.08 mmol) in 2 mL pyridine, 0.1 mL of POCl 3 was added at 0 o C and then stirred for 24 h at room temperature. The reaction product was partitioned between CHCl 3 and H 2 O and the organic layer was washed with sat. NaCl solution, 1 N HCl and 5% NaHCO 3 . After filtration and evaporation of the solvent, 18.27 mg of residue was obtained, which was further purified by preparative HLPC (n-hexane-EtOAc 3:2) to give acutifolone A (14, 6 mg) [17] .
Cytotoxicity assay:
Cell lines used in this study were HL-60 (human promyelocytic leukemia (HL-60)) and KB cells (human pharyngeal squamous carcinoma). Both cell types were purchased from DS Pharma Biomedical, Osaka, Japan. HL-60 cells were non-adherent and maintained in RPMI-1640 supplemented with 10% fetal bovine serum (FBS) at 37 o C in a humidified atmosphere of 5% CO 2 . KB cells were grown as a monolayer in MEM supplemented with 10% FBS and 1% non essential amino acid at 37 o C in a humidified atmosphere of 5% CO 2 . Either HL-60 or KB cells were seeded in 96-well plates at a density 5 x 10 3 cells/well (100 µL/well), and the cultures were incubated for either 3 h (HL-60 cells) or 24 h (KB cells). One hundred µL of medium containing test compounds was added, and the cells were incubated for either 72 h (HL-60 cells) or 48 h (KB cells). Cytotoxic assays were performed as described in a previous report [19] .
